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TECHNICAL NOTE
Picomole analysis of alkali metals by flameless atomic
absorption spectrophotometry
CHARLES S. WING0, GERALDINE B. BIXLER, CHAN HYUNG PARK, and SCOTT G. STRAUB
Veterans Administration Medical Center, and Division of Nephrology, Department of Medicine, University of Florida College of Medicine,
Gainesville, Florida, USA
The chemical analysis of sodium and potassium concentra-
tions in picoliter to nanoliter quantities of physiologic fluid is
critical to the understanding of potassium and sodium transport
within the kidney. In 1965, Drs. Gerald Vurek and R. L.
Bowman [1] developed the helium glow photometer, an instru-
ment for analyzing sodium and potassium in picomole amounts.
Unfortunately, this instrument is not commercially available,
and its place has been largely supplanted by flameless atomic
absorption spectrophotometry (AA). Although flame and flame-
less AA have been commercially feasible for sometime, it is
suprising how few micromethods exist for alkali metal analysis.
Indeed, a recent reference text on the subject [2] has over 300
references for sodium and potassium analysis, but only ten deal
with micromethods. Moreover, none of these micromethods are
designed to measure such minute quantities of sodium and
potassium that are present in 1 to 20 nl of physiologic aqueous
solutions. To our knowledge, only one other ultramicroassay
for Na and K has been devised [31. We were encouraged by the
scientists at Allied Analytic (Timothy Corum and Michael
Duffy) to persue a different method of analysis.
Using this approach, we have developed a simple and highly
reliable method of measuring sodium and potassium in volumes
as small as 5 nl. Multiple analyses can be performed on
individual samples, and the samples may be saved for a week
without deterioration. By choosing more sensitive spectral
lines, it is possible to measure samples of 100 p1. By combining
this technique and electrotitration for chloride, we can deter-
mine sodium, potassium, and chloride concentrations in the
same sample.
Methods
The general principles for performing this analysis may be
summarized as follows: effluent fluid and perfusate from in vitro
microperfusion of renal tubules ("samples") and standards are
diluted into high purity dilute nitric acid for analysis of sodium
and potassium by flameless AA. This procedure may be
subdividied into four sections: 1) sample collection, 2) cuvette
preparation, 3) analyte and standard curve preparation, and 4)
AA analysis. A summary flow chart is provided in Table 1.
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Sample collection
The standards and samples are placed on a clean silver
platform, freshly polished, and immersed under 0.5 cm of
water—equilibrated paraffin oil ("oil"). Five "macro" standards
are dispensed onto the platform from an Eppendorf pipette.
From each macro standard three "micro" standards are trans-
ferred under oil to a separate portion of the platform. The micro
standard is measured as one constriction volume by using the
same pipette as that used for collection of perfusate and
collected fluid. Thus, each sample and standard have the same
volume and the same surface—to—volume relation. Although
dilutions are generally prepared from these samples within 24
hours, we have found excellent sample preservation for seven
days when care is taken to ensure that: (1) the samples and
standards are the same volume; (2) the depth of the samples
below the surface of the oil is at least 0.5 cm; (3) all samples are
at the same level below the surface of the oil; (4) the oil is well
hydrated. The experimental samples are collected with a con-
stant volume pipette between water—equilibrated oil blocks and
delivered onto the silver platform. The volume of the constant
volume pipette is approximately 50 nl. The exact pipette
volume is calculated from the isotopic counts of the constriction
volume measured in triplicate by using a gravitmetrically cali-
brated 50—pi pipette as the reference standard.
Diluent and cuvette preparation
The diluent is prepared from 100 p.1 Ultrex (J.T. Baker
Chemical Co.) and 100 ml ultra—high—purity (18 Mohm) water
("18 Mohm water," Continental Water Systems) in a clean
polypropylene container. Polypropylene has virtually no so-
dium or potassium content and is well suited for this analysis.
However, all containers, cuvettes, and digital pipette tips that
come in contact with the diluent or diluted sample must be
further rinsed with 18 Mohm water to remove traces of surface
sodium and potassium that have collected during manufacturing
Table 1. Summary flow chart
I. Clean platform and prepare for samples
2. Collect samples
3. Prepare microstandards
4. Clean cuvettes, Eppendorf tips
5. Prepare and check diluent
6. Prepare analyte and standard curve
7. Perform analysis
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Table 2. Rate ofevaporative water loss from polypropylene cuvettes at ambient temperature and humidity"
Sample 0 mm
no. g
15 mm 30 mm 60 mm
g g g
1 0.39836 0.39744 0.39656 0.39456
2 0.40329 0.40177 0.40096 0.39905
3 0.40268 0.40132 0.40046 0.39862
4 0.40250 0.40103 0.40015 0.39821
5 0.40010 0.39890 0.39811 0.39630
6 0.39959 0.39839 0.39757 0.39572
7 0.39880 0.39768 0.39688 0.39493
8 0.39937 0.39823 0.39742 0.39546
Mean SEM 0.40059 0.00068 0.39935 0.00062 0.39851 0.00062 0.39661 + 0.00062
a Ambient temperature 25°C and humidity 59%. Regression of mean weights vs. time: wt(g)=0.4005 — 0.000065 x time (h)
and shipping. Each polypropylene cuvette (PQ) and Eppendorf
pipette tip is soaked overnight in 18 Mohm water, rinsed three
times with additional 18 Mohm water, and dried with filtered
(0.45 Lm) compressed air or an aerosol duster. Using a clean
polypropylene pipette tip and an Eppendorf digital pipetter,
each PQ is filled with 400 1.d of diluent. The variation in volume
delivered, assessed gravitmetrically, is less than 1% (Table 2).
Analyte and standard curve preparation
We use an approximately 20-nI glass microforged constric-
tion—pipette for the analyte and standard curve preparation.
The exact volume is measured by isotopic dilution as described
before. A constriction volume of each collected sample and
each standard are precisely measured under a stereoscopic
microscope. The sample is sandwiched between small columns
of oil and is discharged into a PQ (500 l polypropylene
microcentrifuge tube, Fisher) containing 400 l of diluent. The
tip of the constriction pipette at the time of discharge is well
beneath the surface of the diluent. The tip of the pipette is
rinsed thrice with diluent while still in the PQ, The size and
geometry of the PQ minimizes the loss of solution due to
evaporation during the time that the PQ cap is open (Table 2).
The PQ is sealed thereafter until time for analysis. Separate
analysis confirms that there is no noticeable contamination by
the oil from this procedure.
Analysis
An Instrumentation Laboratory (now Allied Analytic,
Waltham, Massachusetts, USA) 951 AA/AE spectrophotome-
ter and an IL 655 furnance atomizer are used for the analysis.
The temperature ramp of the furnance atomizer is set and
monitored by temperature feedback.
To prevent loss of the analyte, we slowly dry the sample
before pyrolysis and atomization. There are three stages and
two temperature ramps at each stage: (1) sample drying—
reaching 75°C after 15 seconds and 115°C after 45 seconds; (2)
sample pyrolysis—reaching 420°C after 15 seconds and 500°C
after S seconds; (3) sample atomization—reaching 1500°C im-
mediately and 2050°C after 10 seconds.
Peak height integration starts at the end of the pyrolysis and
continues for 8 seconds in the single beam mode at a scale
expansion of 1,00 for both sodium and potassium. The first
atomization step of 500°C to 1500°C in "0" second allows a
rapid increase in temperature during atomization. High temper-
ature cleaning is unnecessary between analyses, because the
alkali metals are volatile at the temperatures used. We have
found the following settings provide optimum sensitivity for
sodium and potassium analysis: spectral lines, 589.6 and 766.5
nm; bandwidth, 0.15 and 1.0 mm; lamp current, 8.0 and 7.0
mamp, for sodium and potassium, respectively; and N2 gas
pressure. 12.0 psi.
The AA is allowed to warm up for at least one hour and then
"auto zeroed" by atomizing without sample introduction into
the furnace. The diluent is checked before preparing diluted
samples to ensure that it does not contain more than trace
amounts of either element. Typical diluent sodium and potas-
sium absorbances are between 0.015 and 0.025. The diluted
sample is delivered into a pyrolytically coated graphite cuvette
in the furnance with a I-to l0-l Eppendorfdigital pipette. The
exact volume chosen for a given analysis is determined by
repetitive runs of the high and low standards and adjusting the
delivery volume for an optimum absorption signal from the
sodium and potassium channels. Each sample is analyzed for
sodium and potassium a minimum of three times; generally four
to six runs are employed.
Statistics
Regression analysis is performed by a programmable calcu-
lator (HP4ICX).
Results
Figures I and 2 illustrate standard curves for sodium and
potassium, respectively. Typical curves exhibit a coefficient of
determination (R2) by linear regression of 0.98 or greater.
However, AA is inherently nonlinear for large quantities of
either analyte. This is illustrated in Figure 3. The deviation from
linearity can be minimized by adjusting the delivery volume so
that the highest standard (and unknown analyte) exhibits a peak
absorbance of less than 0.5 absorbance units. Unfortunately,
this is not always possible. In certain situations one is con-
fronted with the need to measure two elements that show a
relative spectroscopic sensitivity of, say a, when these two
elements exist in the analyte at some concentration ratio well
removed from a. The measurement of sodium and potassium in
typical artificial extracellular fluid (such as, Ringer's bicarbon-
ate) is an example of this problem. Sodium and potassium on
the basis of weight have approximately the same spectroscopic
sensitivities. However, sodium is approximately 17 times as
abundant as potassium in a typical Ringer's bicarbonate solu-
tion (with sodium of 145 mEq/liter and potassium of 5 mEq/
Tared weight
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Sodium standard curve, mEq/iiter
Fig. 1. Standard curve for Na which is linear throughout the absorb-
ance range used.
liter). Thus, for reasonable potassium signals one frequently
finds very large sodium signals that are beyond the linear range
of the instrument. This problem can be corrected in three ways:
(1) deliver less analyte and reduce both the sodium and potas-
sium signals; (2) adjust the ratio of sodium to potassium, if
possible; (3) choose a less—sensitive spectral line for sodium (or
a more sensitive spectral line for potassium). Only the latter two
adjustments allow an improvement in the signal—to—noise ratio
for both elements.
We have found however that the deviation from linearity is
usually modest so long as the maximum absorbance is kept less
than unity (1.0 absorbance units). To examine whether the
degree of deviation from linearity illustrated in Figure 3 is
sufficient to require higher order (quadratic) correction terms,
we compared the linear and quadratic regression equation
estimates of the perfusate [Na] and [K] (Table 3). The differ-
ences are small, and the error introduced by ignoring higher
order terms is further minimized by the paired nature of the flux
calculations.
The rate of evaporation of water from the open curvettes is
also illustrated in Table 2. As can be seen, this loss is negligible
over the typical time period the cuvettes are open—less than
0.5% in 30 minutes, which is an average time for the cuvette to
be open, and less than 1% in 60 minutes, which is the longest
period of time a cuvette would be open.
To examine whether the form of sodium or potassium salt
affected the results, we measured sodium concentrations of
three standards with identical [Na but prepared as the chloride,
nitrate, or sulfate salts. The same was done for potassium
(Table 4). There was no significant difference in the measured
sodium or potassium values of these standards. We prepared
[Nal, mEq/Iiter
Fig. 3. Standard curve for Na displaying the intrinsic nonlinear
absorbance at absorbances greater than unity.
six identical sodium standards (100 mM) to examine the effect
of choline on sodium absorbance, and six identical potassium
standards (20 mM) to examine the effect of cyclamate on
potassium absorbance. To three sodium standards one constric-
tion volume of 100 mM choline chloride was added. To three
potassium standards one constriction volume of 100 mM so-
dium cyclamate was added. The mean paired difference for the
sodium standards with or without choline chloride was 0.11
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Fig. 2. Standard curve for K which is linear throughout the absorb-
ance range used.
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Table 3. Comparison of linear and quadratic least—squares regression estimates of [Na] and [K]
[Na]
mEqiliter
[Na] estimate [K]
mEqiliter
[K] estimate
Linearc Quadratic'Lineara Quadrati&'
140 139 141 5.00 4.91 4.39
140 141 143 5.00 4.99 4.44
140 137 139 5.00 5.36 4.65
Mean SEM 139.0 1.15 141 1.15 5.09 0.14 4.49 0.08
Paired difference 2.0 mEq/liter 0.50 mEq/liter
[Na] = —79.6 + 156.3 AbSNab [Na] = 67.92 — 121 AbSNa + 123 (AbSNa)2
C [K] = 8.693 + 40.4 AbsKd [K] = 4.089 — 20.7 AbsK — 64.2 (AbsK)2
TabLe 4. Examination of the anion interaction
Standard
Concen-
tration [Na]a Standard
Concen-
tration EK]b
NaCI 125 126.0 KC1 25 24.8
NaNO3 125 125.8 KNO3 25 25.3
Na2SO4 125 125.7 K2S04 25 24.7
50 100 150
a [Na] = estimated Na concentration
b [K] = estimated K concentration
1.0 mM. The mean paired difference for the potassium stan-
dards with or without sodium cyclamate was 0.14 0.71 mM.
These observations are in keeping with the large initial dilution
used in this technique, which should minimize solute interac-
tions.
Finally, to examine the effect of storing samples under oil for
one week, we prepared two standard curves from the same set
of standards. One curve was prepared immediately after the
samples had been placed on the silver platform and the second
was prepared seven days later. These results are shown in
Figure 4. Although the slope and intercept of the two lines differ
slightly, both curves display a high degree of dependence of the
absorbance on the [Na]. If the 100 mEq/liter standard were
considered as an unknown, its value would have been equally
well predicted on either day.
Discussion
This method was developed for simultaneous analysis of
sodium and potassium in nanoliter samples. The procedure is
simple and easy to learn. By using ultrapure nitric acid, 18
Mohm water, and polypropylene containers, we reduced con-
tamination of the sample and the background sodium and
potassium signals far below the signal from the amount of
sodium and potassium in the analyte. The absorbances of both
sodium and potassium in the standards are linear with respect to
the concentration for small quantities of the analyte. A sample
can be stored for a period of one week before analysis without
loss of accuracy and reproducibility.
Our general procedure is to place the silver platform in a
commercially available electrotitration dish (WPI, New Haven,
Connecticut, USA). Because only 20 nl of a 50 nI sample is
necessary to measure sodium and potassium, the remainder of
the sample may be conveniently titrated for chloride (ET- 1
WPI) in triplicate using a 5-nl titration pipette. Thus, sodium,
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Fig. 4. Standard curves for Na performed on the same microsamples.
The upper curve represents samples stored for seven days under oil.
The bottom curve was prepared on the day the samples were placed on
the microplatform under oil.
potassium, and chloride concentrations may be determined on
each sample. The ability to perform the most laborious part of
the assay (analysis on the AA) in a "macroscopic" manner
significantly facilitates this assay.
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